A bstract. Chronic potassium deficiency in the rat results in a decrease in the pressor sensitivity to exogenous angiotensin II (All). To define the mechanism of this resistance to All, studies were performed in conscious rats after 14-21 d of dietary potassium deficiency. The pressor response to graded doses of All was 50% less in potassium-deficient than control animals. In contrast, the pressor response to graded doses of norepinephrine was preserved in potassium-deficient rats; therefore, the decreased response to All was not due to a generalized defect in vascular reactivity. Pretreatment with either the converting enzyme inhibitor, teprotide, or the prostaglandin synthesis inhibitor, indomethacin, failed to normalize the response to All. Thus, neither prior receptor occupancy with endogenous All nor the presence of vasodilatory prostaglandins caused the decreased All response in potassium deficiency. Since the pressor response to All involves angiotensin interaction with its vascular receptor, binding studies of mesenteric artery and uterine smooth muscle All receptors were performed. Scatchard analysis showed that potassium deficiency resulted in a decrease in binding affinity (50% increase in Kd) in both uterine (6. to yield a final content of Na, 160 meq/kg; K, 240 meq/kg; Cl, 740 meq/kg; Ca, 4.2 g/kg; P, 5.9 g/kg, and Mg 3.9 g/kg. Rats had free access to food and water. Plasma for Na and K measurements from six control and ten potassium-deficient rats was obtained through femoral catheters and measured on a flame photometer (model 343, Instrumentation Laboratory, Lexington, MA). Plasma renin activity was determined by radioimmunoassay (10) in eight potassium-deficient and six control rats after sacrifice by decapitation.
Hemodynamic studies
Animals were anesthetized with ether, and polyethylene catheters (PE-50) were placed in the femoral artery and vein for direct arterial pressure monitoring and drug administration, respectively. During surgery (10 min), rats were given volume replacement of 0.5% body weight with isotonic saline. After surgery, animals were placed in restraining cages and allowed to recover in a quiet room for a minimum of 60 min before the initiation of any further protocol.
AII dose response
Pressor dose-response studies were performed by administering an intravenous bolus ofAll (Hypertensin-Ciba, Ciba-Geigy, Basle, Switzerland) in doses of 12.5, 25, 50, and 100 ng to eight potassium-deficient and eight control rats. A separate group of seven potassium-deficient and six control rats were given lower doses of All (1, 2.5, 5, and 12.5 ng) in an attempt to determine whether the threshold dose for pressor response was different in the two groups ofrats. Stock solutions were made monthly and final dilutions prepared daily by using 5% dextrose in water (D5/ W) so that the volume of injectate was no more than 0.1 ml/dose. Each drug bolus was followed by injection of0.1 ml D5/W to flush the venous catheter. Mean To determine whether the decreased pressor sensitivity to exogenous All was caused by prior occupancy of All vascular receptors with endogenous All, the pressor response to All was determined 10 min after administration of the angiotensin-converting enzyme inhibitor, teprotide (SQ20, 881, E. R. Squibb & Sons, Princeton, NJ), to eight potassiumdeficient and eight control rats. Because the half-life of circulating All is short, prevention of synthesis of All by converting enzyme inhibition allows the testing of the vascular response to exogenous All in the absence of receptor occupancy with the endogenous hormone. Teprotide was administered as a 1 mg/kg intravenous bolus followed by continuous infusion of 1 mg/kg/min. The adequacy of converting enzyme inhibition was ascertained by determining the pressor response to 50 ng of angiotensin I (Al) before and 10 min after the administration of teprotide. All animals studied had a decrease in the pressor response to Al of at least 85%. In the presence of converting enzyme blockade, the pressor response to All was determined by using the above protocol. 10 min after the last dose of All, the adequacy of converting enzyme inhibition was again determined. To be certain that the administration ofconverting enzyme inhibitor was capable of freeing vascular receptors of endogenous All, dose-response studies to All were also performed before and after converting enzyme inhibition in four rats fed a sodium-deficient diet for 7 d (l1).
Angiotensin dose response after prostaglandin synthesis inhibition
To determine the effect of prostaglandin synthesis inhibition on All sensitivity, six potassium-deficient and six control animals were pretreated with indomethacin, 5 mg/kg i.p., 2-3 h before studies of dose response to All. This dose of indomethacin has been shown in our laboratory to decrease 8-h urinary prostaglandin E2 excretion by 87% in both potassium-deficient and control rats (4) .
Receptor binding studies
Preparation oftissue. Studies of receptor binding of All were performed by using vascular (mesenteric artery) as well as nonvascular (uterus) smooth muscle. Small intestines with attached mesenteries were removed en bloc from control or potassium-deficient animals and placed in iced phosphate-buffered saline (PBS). Using an adaptation of the method of Kwan et al. (12) , the intestines were placed on a piece of filter paper moistened with 0.25 M sucrose in a glass petri dish atop ice. The mesenteric arteries and branches were bluntly dissected away from veins, fat, and bowel by using a rubber policeman and fine forceps. Adherent fat was then removed from the arteries with a loose-fitting Potter Elvehjeim mechanical homogenizer, as described by Gunther et al. (13) .
Uteri were prepared by using the technique of Rouzaire-Dubois et al. (14) as modified by Douglas (15) . Uteri were bathed in chilled TrisHCl buffer (pH 7.4) while adherent fat was removed and the serosa stripped. Pooled tissue from either source from four to eight rats was then suspended in 40 ml Tris-HCl, homogenized (Polytron model PT1OST, Brinkmann Instruments, Inc., Westbury, NY) for 25 s, and sedimented at 1,000 g for 10 min at 4°C. The supernatant was centrifuged at 100,000 g for 35 min. The resulting pellet, a fraction rich in plasma membrane (14), was resuspended in 1.5 ml Tris-HCl with a Potter Elvehjem homogenizer. Measurements of uterine suspension 5'-nucleotidase activity (16) Binding constants were determined by Scatchard analysis of binding data (17) after fitting data to a line by using the least-squares method (18) . Protein concentration of the receptor suspension was determined by a modification of the method of Lowry et al. (19) .
Results are expressed as mean±standard error. Statistical comparisons were made by unpaired t test (18) . Linear regression ofthe dose-response data was performed by the least-squares method. Slopes for the doseresponse curves were compared by unpaired t test.
Results
Effects ofpotassium-deficient diet. At the time of the study, plasma potassium was 3.95±0.13 meq/liter in control rats and 2.12±0.09 meq/liter in potassium-deficient rats (P < 0.001). Previous studies from our laboratory using the identical diet have shown significant decreases in muscle and kidney potassium content after 14-21 d of this potassium-deficient diet (4) . Plasma renin activity was 11.48±2.2 ng AI/ml per hour in potassiumdeficient rats compared with 3.81±0.62 ng Al/ml per hour in control rats (P < 0.02).
Hemodynamic studies. Basal MAP was 113.1±2.1 mmHg in control rats and 106.9±1.3 mmHg in potassium-deficient rats (P < 0.025). The pressor response to graded doses of All in control and potassium-deficient rats is shown in Fig. 1 . The pressor response ofpotassium-deficient rats was -50% less than the pressor response of control rats receiving the identical doses of All. In addition, the slope of the dose-response curve for potassium-deficient animals was significantly less than that for control animals (P < 0.001). Moreover, while the threshold dose for a significant pressor response to All occurred between 2.5 and 5 ng (pressor response, 2.7±0.8 and 8.0±0.7 mmHg, respectively) in control rats, the threshold dose for potassiumdeficient rats was greater. A significant response was not seen until the All dose was between 5 and 12.5 ng (pressor response, 2.0±0.8 and 6.4±1.0 mmHg, respectively). Fig. 2 Norepinephrine (ng) Figure 2 . Pressor response to norepinephrine in control and potassium-deficient (KD) rats. KD vs. control, no significant difference for any point.
Since the pressor response to norepinephrine was normal in potassium deficiency, the data suggest that the decreased pressor effect ofAll was not the result ofa generalized defect in vascular smooth muscle responsiveness, but rather that the defect was specific for All. To determine whether prior receptor occupancy with endogenous All was the cause for the diminished pressor sensitivity to exogenous All, rats were pretreated with the converting enzyme inhibitor, teprotide. Sodium depletion resulted in a decrease in pressor response to All which was corrected after the administration of teprotide. After administration of teprotide, MAP decreased in both control (109.5±2.9 to 107.1±3.7 mmHg; NS) and potassium-deficient rats (105.3±2.3 to 98.8±5.8 mmHg; NS). In contrast to the results in sodium depletion, the pressor response to All remained abnormal in potassium-deficient rats treated with teprotide (Fig. 3) . These results suggest, therefore, that while receptor occupancy with endogenous AII may mediate the decreased pressor response to exogenous All in sodium depletion, the mechanism of the decreased pressor response to All in potassium deficiency is independent ofreceptor occupancy with endogenous All.
Because vasodilatory prostaglandins have been postulated to alter All vascular responsiveness in hypokalemic dogs (7) and in hypokalemic man with Bartter's syndrome (20) , we determined the role of vasodilatory prostaglandins in potassiumdeficient rats. Pretreatment of potassium-deficient and control 40 
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A Mean Arterial Pressure 20 (mmHg) 10 rats with the cyclooxygenase inhibitor, indomethacin, in doses which lowered urinary prostaglandin E2 excretion to 13% of basal values (4) did not alter the pressor response to All in either potassium-deficient or control rats (Fig. 4) . Since the vasodilatory prostaglandin, prostacyclin, also depends on the formation of endoperoxides for its synthesis, the results suggest that vasodilatory prostaglandins did not cause the decreased sensitivity to All in potassium-deficient rats.
Receptor binding. Since potassium deficiency has been demonstrated to alter angiotensin receptors in the adrenal gland (21), we determined the effect of potassium deficiency on All receptor-binding constants in smooth muscle. For both mesenteric artery and uterus steady-state binding data, when analyzed by Scatchard analysis, showed a single class of receptors with high affinity in all individual experiments. Binding was saturable and was linear in both control and potassium deficiency over a range of protein concentration of 50-250 Ag protein/ 300 Al incubation volume. Time course studies showed maximal binding occurred in both groups between 30 and 45 min.
In the mesenteric artery, specific binding of All increased as All concentration increased. Binding of All was equal or greater by potassium-deficient mesenteric arteries than control at all concentrations of All (Fig. 5) . Scatchard analysis showed a significant decrease in receptor affinity for All in potassium deficiency. A representative Scatchard plot from a single experiment (Fig. 6) control and potassium-deficient animals. (fmol/mg protein) 316±19 470±75 0.05 < P < 0.1
proportional to the decrease in affinity and resulted in no decrease in total binding of All.
Studies of All binding the uterine smooth muscle from control and potassium-deficient rats yielded similar results. Table  II summarizes these findings. Potassium deficiency resulted in a significant decrease in affinity (57% increase in Kd) and a twofold increase in receptor number. At higher concentrations of All, binding was actually greater by potassium-deficient smooth muscle membranes (Fig. 7) .
Discussion
While it has been known for many years that chronic potassium deficiency blunts the pressor effect of exogenous All (5-9), the mechanism of this effect has not been extensively studied. In the present study, we have systematically evaluated several possible mechanisms which could have explained the decreased pressor response to All in potassium deficiency.
Generalized defect in vascular smooth muscle. Although in vitro studies of isolated arterial segments demonstrate a requirement for small quantities of potassium for vascular smooth muscle to contract in response to pressor hormones (24), the decreased pressor response to All in intact chronic potassiumdeficient rats is not mediated by a generalized vascular smooth muscle defect. In this regard, since the pressor response to another vascular constrictor, norepinephrine, was preserved in potassium-deficient animals, the decreased pressor response to All is specific for angiotensin. While some investigators have found that the pressor effect of norepinephrine is maintained in potassium deficiency (7) , this has not been a universal finding (5). It is likely, however, that the differences between these results relates to the fact that studies showing a decreased pressor effect of norepinephrine have been performed in anesthetized animals Angiotensin 11 Concentration (xlC09 M) Figure 7 . Angiotensin binding by uterine smooth muscle membranes from control and potassium-deficient animals in a single experiment. Amount of All bound has been corrected for nonspecific binding.
(5). Since anesthesia itself can alter systemic hemodynamics (25) , the preservation of norepinephrine sensitivity in our studies may be attributable to the use of conscious animals.
Changes in sodium balance. Although sodium depletion has been shown to decrease the vascular response to All (11, 26, 27) , several studies have shown that the potassium-deficient rat is not sodium depleted. In our own studies (Paller, M., and S. Linas. Unpublished data.) and those by Sealey et al. (1) , rats maintained on a potassium-deficient diet were in more positive sodium balance than rats on a normal potassium diet. Moreover, in contrast to sodium-depleted animals, we have found that both plasma volume and cardiac output are increased in the potassium-deficient rat (4) .
Prior receptor occupancy. Since the pressor response to exogenous All is dependent on the interaction of exogenous All with its vascular receptor, the response to exogenous hormone would be expected to be diminished if the receptor sites were occupied by endogenous All. This mechanism for decreased angiotensin vascular response has been postulated to occur during chronic sodium depletion (1 1 (9) , demonstrates that vasodilatory prostaglandins do not mediate the decreased vascular response to All in the potassium-deficient rat. Although these results in the potassium-deficient rat seem to be in contrast to those of Galvez et al. (7), who have shown that prostaglandin inhibition improved the vascular response to All in the potassium-deficient dog, PGE2 excretion is increased in the potassium-deficient dog while PGE2 excretion has not been found to be increased in the potassium-deficient rat (4, 31) .
Other as yet undefined species differences might also exist. Alterations in vascular AII receptors. While the effects of chronic changes in potassium balance on adrenal All receptors have been extensively studied ( 15, 20, 32) , the effects of chronic potassium depletion on smooth muscle angiotensin receptors have not been reported. Smooth muscle from two sources was employed for studies of All receptors. Mesenteric arteries were used because these vessels are reactive to All and are representative ofresistance vessels in the body (13) . However, it is difficult to prepare large quantities of smooth muscle membranes from these vessels. For this reason, receptor binding of All was also studied in uterine smooth muscle, a tissue employed with success in previous studies (14, 15, 33, 34) . Uterine tissue is easier to prepare in large quantities, has receptor binding characteristics similar to rabbit aorta smooth muscle (33) and rat mesenteric artery (13) , and responds to All in vitro over the same dose range as does rabbit aorta (35) . Moreover, there is excellent correlation between All-binding inhibition potencies of many All analogs using the uterine smooth muscle radioreceptor assay and either a rat pressor assay or isolated rabbit aortic strips (36) . In the setting of sodium depletion, receptor changes in the uterus (37) are identical to those observed in mesenteric artery and bladder (22, 23) and quite different from those found in the adrenal gland (39) .
In the present study, a decrease in sensitivity to the pressor effect of submaximal doses of exogenous All in potassium-deficient rats was manifested by a rightward shift of the doseresponse curve (Fig. 1) . In addition, the dose-response curve of potassium-deficient animals was less steep than that ofthe control animals. From this finding, it might have been predicted that the decreased sensitivity to All in potassium-deficient animals was mediated by a decrease in affinity of All receptors. The results obtained in the receptor-binding studies support this prediction in that they revealed a 35% decrease in All receptor affinity.
A surprising finding in the present study was that, despite increased circulating levels ofAll, potassium deficiency resulted in an increase in All receptor number. Since an increase in angiotensin levels following low dose All infusion (23, 34, 39) or prolonged sodium depletion (22, 23) is usually associated with either no change (34) or a decrease, i.e., down regulation, in smooth muscle receptor number (22, 23, 39) , the results of the present study underscore the importance of potassium in altering regulation of All receptor number. In this regard, Tables  I and II (33) , indirect effects on plasma membrane structure via phospholipid compositional changes (40) , and alterations of guanine nucleotide concentration (41) . Further studies, however, will be required to determine which of these possibilities mediates the effects of potassium on All receptors.
Although vascular All receptors were found to have a greater affinity for All and were present in greater number than in nonvascular tissue (uterus), potassium deficiency produced similar changes in both types of All receptor. Affinity was decreased and receptor number increased in both mesenteric artery and uterus after potassium deficiency. A similar situation exists for sodium depletion where a decrease in All receptor number has been demonstrated in mesenteric artery (22, 23) as well as bladder (23) and uterus (37) . These results suggest that both vascular and nonvascular smooth muscle All receptors are regulated by the same mechanisms.
Because the increase in receptor number in potassium deficiency was equivalent or greater than the decrease in receptor affinity, total binding of All was not decreased in potassium deficiency (Figs. 5 and 7 ). This suggests that the decreased vascular response to All in potassium deficiency is caused by a postreceptor defect. The site of this postreceptor defect is not known. Angiotensin does not activate adenylate cyclase (42) , but does act through changes in intracellular calcium concentration (43, 44) and phosphorylation of contractile proteins (45) . Since the pressor response to norepinephrine (which also induces smooth muscle contraction via changes in intracellular calcium concentrations [43, 44] ) is intact, the defect appears to be proximal to the step where intracellular calcium concentration acts. Angiotensin does activate guanylate cyclase, but it is not clear whether changes in cyclic guanosine monophosphate mediate All action (46) . This or another step might be the site of the potassium deficiency-induced defect in vascular response. Further studies are needed to clarify the mechanism of action of All on smooth muscle before the site ofthe potassium deficiencyinduced defect in smooth muscle response to All can be elucidated.
Summary. Potassium deficiency results in decreased pressor sensitivity to All. The decreased sensitivity to All is not mediated by a generalized vascular smooth muscle defect, prior occupancy of All receptors, or the presence of vasodilatory prostaglandins. Potassium deficiency does, however, result in a decrease in vascular smooth muscle All receptor affinity, and despite increased circulating levels of All, an increase in All receptor number. Since total binding of All is not decreased in potassium deficiency, a postreceptor defect mediates the decrease in pressor sensitivity to All in the potassium-deficient rat.
